MANY cells in the visual systems of lower animals are specialized to respond maximally to specific stimulus configurations or events. For example, some units respond vigorously to a border or edge in a particular orientation, but are unresponsive to that same border after it has been rotated through some angle. Other units respond selectively to objects which move through their receptive fields in different directions. While these "tuned" units vary considerably in the particular stimulus attribute or combination of attributes to which they are responsive, almost all of them seem to share two general properties. First, these units are unresponsive to homogeneous illumination of their receptive fields. Second, while they are not sensitive to the quantity of uniformly distributed light, their responses are influenced by changes in the contrast of their "preferred" stimuli. As a result of the contrast sensitivity of these units, systematic variation of stimulus contrast should be considered a major tool for studying the response characteristics of similarly "tuned" elements in human vision. Consequently, in the present experiments, the contrast of an adaptation stimulus was varied to control its visual effectiveness. The functional components of the response to that adaptation stimulus were identified by an examination of the effects of the adaptation stimulus on the thresholds for a variety of test targets. EXPERIMENT I SEKULER and GANZ (1963) reported that after an observer inspected bars moving in one direction his luminance threshold for bars moving in that same direction was raised in comparison to his threshold for bars moving in the opposite direction. This phenomenon is termed direction-specific adaptation. They attributed this to adaptation in directionallyselective elements.
Measurements of the contrast sensitivity of a cell "tuned" to a specific direction of motion were made by BARLOW and HILL (1963) . At near-threshold contrasts for a moving stimulus spot, the activity of directionally-selective cells increased with an increase in the contrast of the stimulus spot. However, the activity of the cell was invariant with changes in stimulus contrast above 0.20 (log contrast =--0.70). If human sensitivity to moving stimuli does in part depend upon the state of directionally-selective elements, as proposed by SEKULER and GANZ (1963) , then the amount of direction-specific adaptation which 1 Supported by Grant NB-06354 from the National Institute of Neurological Diseases and Blindness to RS. We thank Drs. William Crano and Miles Patterson for serving as observers.
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can be measured psychophysicaUy ought to vary with changes in the contrast of the adaptation stimulus. These changes should parallel those of the activity of directionallyselective neurons investigated by BARLOW and HILL (1963) . This prediction was tested in the first experiment. SEKOLER and GANZ (1963) failed to obtain unadapted thresholds for moving bars, relying instead on a relative measure of direction-specific adaptation. This measure expressed the luminance threshold for bars moving in the same direction as the adaptation stimulus as some multiple of the threshold for bars moving in the opposite direction. From their experiment, it is not possible to determine whether the threshold for test bars was raised even when adaptation and test bars moved in opposite directions. In the present study thresholds were obtained for test bars which moved either in the same direction or in the direction opposite that of the moving adaptation bars. The contrast of the adaptation bars was systematically varied, including a control condition in which the adaptation field was spatially uniform (contrast=0.00). Thresholds obtained in this control condition supply the information missing in the experiment of SEKOLER and GANZ (1963) . The possible visual interaction between bars moving in opposite directions is of theoretical importance, however, because it would imply either (1) that the same motion-sensitive elements were capable of responding to bars moving in opposite directions, as are some neurons in lower animals which exhibit a bi-directional sensitivity to moving stimuli (CAMPBELL, CLELAND, COOPER and ENROTH-CUGELL, 1968) ; or (2) that the elements responding to bars which move in opposite directions partially overlap at some point in the visual system prior to the extraction of directional information, but subsequent to the extraction of contrast information.
Another type of test target, stationary test bars, was used in the expectation that it would be helpful in distinguishing between the two alternative theoretical positions just described. The possible visual interaction between bars moving in opposite directions could then be compared with the visual interaction between moving and stationary bars. If both interactions are the same, it can be concluded that the interaction between bars moving in opposite directions does not depend critically upon the movement of the test bars. This would support the second alternative (above).
A fourth type of test target, a homogeneous circular patch, was used as a control for possible differences in light adaptation which may have accompanied the manipulation of the contrast of the adaptation bars even though the spatial mean luminance of the adaptation field was held constant.
Method
Stimulation in the experiments was delivered in Maxwellian view to each observer's eye using the fourchannel optical system shown in Fig. 1 .
The observer steadied his head with the aid of a biteboard and forehead rest, and his left eye was occluded. Both sources of the optical system shown in Fig. 1 were tungsten filament lamps run by a single, well regulated power supply. One channel of the system (the adaptation background channel, hereafter AB channel) provided a background for adapting stimulation. In a second channel (the adaptation target channel, hereafter AT channel) evenly spaced, thin, horizontal steel rods (T1) were inserted in a collimated portion of the beam. A motor and speed controller, attached to the rods, caused them to move vertically. A Dove prism (DP1) mounted between the target rods and the observer intercepted only a portion of the beam, optically inverting the lower part of the visual field. When stimulation from the AT channel was optically superposed with that from the AB channel, the observer saw a split field with bars moving upward at 6°/sec in the lower portion of the field and bars moving downward at 6°/sec in the upper portion of the field. This combined stimulation from the two channels provided the adaptation field as shown on the left in Fig. 2 . The split-field arrangement was used because it proved easy to fixate and because it would be expected to minimize pursuit movements of the eye. The upper 
FIG. 2. Adaptation field (left)
and test field (right) as they appeared to observer. The fixation point, in both adaptation and test configurations, is the small dark square about two-thirds the way up from the bottom of the field. The arrows, at the left of the figure, represent the direction of bar movement within each of the field areas (i.e. downward movement in the upper part of the field, upward movement in the lower part). These arrows were not actually part of the adaptation display. The location of test stimuli is circumscribed by the dashed circle in the lower area of the right-hand portion of the figure. Like the arrows, this dashed circle was not actually present in the display.
part-field adaptation field subtended 4 ° vertically and 10 ° horizontally; the lower part-field, 7°20 ' vertically and 10 ° horizontally. These measurements represent the maximum extents of the two part-fields. The dark area and the fixation point immediately above it at the juncture of the two part-fields was produced by an opaque mask placed just prior to the final lens of the system (between C3 and L15). Each bar in the part-fields subtended 1°18 ' . A third channel (the test background channel, hereafter TB channel) provided a constant luminance background, 11°42 " in dia., upon which test targets from a fourth channel (the test target channel, hereafter TT channel) were superposed. The test targets in the TT channel were restricted to a circular test area 6°48 ' in dia. at the observer's eye by means of a mask with a circular aperture placed near the target plane T2. The test field as seen by the observer is shown on the right in Fig. 2 . Various types of test targets were produced as follows: light from the collimated portion of the beam in the TT channel was passed through horizontal steel spokes (T2), which either moved upward, or downward, or remained stationary. The test target as seen by the observer was a grating moving upward, a grating moving downward, or a stationary grating, respectively. The bars of the test grating subtended 1°18 '. In another condition, the light beam was uninterrupted (T2 removed). In this condition, the test target was a homogeneous circular patch.
The adaptation and test fields were presented to the observer in continuous alternating cycles by the use of shutters (S1, $2, $3, $4) driven by rotary solenoids. In each cycle the adaptation field was seen for 15-0 sec. A 1.5 see presentation of the test field followed with a delay of less than 2 msec.
Eight different contrasts of the adaptation grating were used: 0-00 (uniform field), 0.03, 0-07, 0-11, 0.16, 0.33, 0.66 and 0.83. Contrast is defined as (Lmax--Lmin)/Lmax+Lmin), where Lmax and Lmln are the maximum and minimum stimulus luminances, respectively. The contrast was controlled by means of appropriate combinations of neutral density falters in the AB and AT channels. The spatial mean luminance of the adaptation grating was held constant. Only two contrast levels were used per session, each accompanied by a 4-min adaptation before threshold measurements were begun. Four sessions were required for one replication of the experiment. The order in which the contrast levels were employed was randomly determined for each replication and for each observer. All four test targets were used with each contrast level, and they were presented in a random order.
Thresholds were determined by a tracking procedure. Using a serve device, the observer controlled the position of a variable density photometric wedge (Wl) mounted in the TT channel. This permitted him to adjust the luminance of the light bars of the test gratings (when the gratings were used as targets) or of the homogeneous circular patch (when it was used as a target). With each presentation of the test field, the observer decreased or increased the luminance of the light bars (or the homogeneous patch) depending upon whether they (or it) were visible or not visible, respectively. The position of the wedge was recorded after each presentation of the test field. At the start of a tracking seres the test target luminance was set well below the observer's threshold, the exact starting point being varied from one tracking series to the next. A tracking series was terminated after six reversals of the direction in which the observer moved the photometric wedge. A mean of the wedge settings, beginning with the first setting after the second reversal, constituted the threshold for a particular tracking series. Since there were two contrast levels and four test targets used in every session, eight tracking series were obtained per session. The length of a single session was approximately 45 min.
Luminance calibrations of the Maxwellian-view system were made by a matching technique. The luminance of a non-Maxwellian field viewed through an artificial pupil 1-6 mm in dia. was adjusted to produce a brightness match between it and the Maxwellian field provided by one channel of the optical system. The luminance of the matching non-Maxwellian field was then measured with a Spectra brightness spot meter. Calibrations of the Maxwellian fields provided by each of the four channels were made in this way one at a time and with all targets removed. The mean spatial luminance of the combined stimulation from the AB and AT channels was 0-6 ft-L. The luminance of the test background alone was 0" 5 ft-L. At the start of each session the radiance of the various channels of the optical system was checked against calibrated reference values. For this purpose the output signals from RCA #939 phototubes (P1 and P2) were amplified and displayed on an oscilloscope.
Four replications of the experiment were obtained for each of three observers. Two of these observers (the authors, AJP and RWS) were well-practised in psychophysical experiments, while one (WDC) had had little practice and was completely naive as to the purpose of the experiment.
Results
The log luminance (log A /) of the light bars of test gratings (or of the homogeneous patch) added to the test background at threshold was determined from the mean setting of the photometric wedge during a particular tracking series. The mean log A I threshold was then calculated for each condition of the experiment. The means for each test target are plotted as a function of the log contrast of the adaptation grating in Figs. 3, 4 and 5 for observers RWS, WDC and AJP, respectively. The data obtained with each test target are represented by the separate functions. The data for the upward moving test grating (G-U) and for the downward moving test grating (G-D) are given at the top of these figures; the data for the stationary grating (G-S), in the middle; and the data for the homogeneous circular patch (HC-S), at the bottom. It should be remembered that test stimuli were delivered to an area of the visual field which partially overlapped only the lower portion of the adaptation field. As Experiment II will show, stimulation in the upper portion of the adaptation field did not contribute to the phenomena measured.
Consequently, as far as effects on the test targets are concerned, the effective adaptation field consisted of the upward moving bars in the adaptation field's lower part.
Figures 3, 4 and 5 show that the threshold luminance for both upward and downward moving test gratings increased with increasing adaptation grating contrast. The mean change for the upward moving grating was larger (0.65-0.70 log units) than that for the downward moving test grating (0-30-0.45 log units). A statistical comparison between the threshold functions for the upward and downward moving test gratings was obtained using an analysis of variance. These two functions were significantly different as indicated by a significant interaction between adaptation grating contrast and type of test target, F(7,14)----25.08, p < 0.01. Data from all three observers were entered in this analysis.
Figures 3, 4 and 5 show that the threshold luminance for the stationary grating also increased with increasing adaptation grating contrast, and that the magnitude of this change was 0.30-0.40 log units. Except for their locations on the ordinate, the threshold functions for the stationary and downward moving test gratings are almost identical. When the data (for all three observers) represented by these two functions were entered in an analysis of variance, no significant interaction was found between adaptation grating contrast and type of test target, F(7,14)=0.64, p > 0.50. The main effects associated with adaptation grating contrast [F(7,14) ~37.94, p<0.01] and type of test target IF(l,2)= 19.29, p < 0.05] were both statistically significant.
The threshold luminance for the homogeneous patch was relatively unaffected by changes of adaptation grating contrast, except for the consistent slight increase in threshold EXPERIMENT II Experiment I showed that the luminance threshold for the downward moving test grating was increased when the contrast of the adaptation grating was increased, even though the bars of the adaptation grating which appeared in the same part of the visual field as the test area moved upward. The split adaptation field of Experiment I was used because it was easy to fixate and because it minimized pursuit movements of the eye. However, we were surprised to find the increase in the threshold for the downward moving test grating, and for this reason an experiment was done to determine if this increase was caused by some "spread of effect" from the downward moving bars in the upper part of the adaptation field.
In Experiment II thresholds for a downward moving test grating and a homogeneous patch were measured as in Experiment I except that the bars of the adaptation field moved upward throughout its entire extent.
Method
The apparatus and procedure were the same as in Experiment I with the following exceptions:
The Dove prism (DP1) mounted in the AT channel between the target spokes (T1) and the observer was removed, and the observer saw bars moving upward through the entire adaptation field instead of converging centrally as in Experiment 1.
Four contrasts (0.00, 0.07, 0.16 and 0.66) of the adaptation grating were factorially combined with the two test targets (grating moving downward and a homogeneous patch). All eight resulting conditions were used in a single test session, and four separate replications of the entire experiment were obtained for each observer in four sessions. The order of presentation of the contrast levels and the type of test target were both counterbalanced across sessions for each observer.
Observers were AJP and MLP, the latter being naive as to the purpose of the experiment.
Results
The mean log A I threshold was calculated for each condition of the experiment. The means are plotted in Fig. 6 for observers AJP and MLP in top and bottom panels, respectively. The threshold luminance as a function of the log contrast of the adaptation grating is plotted separately for each test target--grating moving downward (G-D)and the homogeneous patch (HC-S). For both observers the threshold luminance for the downward moving test grating increased as the contrast of the adaptation grating was increased from 0.00 through 0.66. The threshold luminance for the homogeneous patch, on the other hand, showed no corresponding increase over the same range of adaptation grating contrast.
Thresholds for the downward moving test grating and for the homogeneous patch for observer AJP obtained in the present experiment are almost identical to the corresponding thresholds for the same observer in Experiment I. Thresholds for the downward moving test grating, measured with observer MLP (filled circles in the lower half of Fig. 6 ), also increase as a function of the contrast of the upward moving adaptation bars. This increase is present both in an absolute sense and when defined relatively, in comparison to the threshold for the homogeneous test patch. There is no obvious explanation for the fact that observer MLP shows a decrease in the threshold for the homogeneous test patch as a function of adaptation field contrast (crosses in the lower half of Fig. 6 ). Given the large variability around some of mean values represented in the figure and the discrepancy between this observer and all the others in both experiments, it is quite difficult to determine the meaning of that decline in threshold. However, this does not modify the conclusion that the increase measured in Experiment I for the threshold of the downward moving test bars was not produced by the presence of downward moving bars in the upper portion of the adaptation field. The similarity, moreover, between the data of observer AJP, measured in the two experiments, strongly suggests that the downward moving bars in the upper part of the adaptation field, in Experiment I, exerted essentially no influence on threshold measurements made in the lower test area.
Discussion
The relative constancy of the luminance threshold for the homogeneous test patch indicates that the state of light adaptation of the observers did not vary with adaptation grating contrast. Consequently, the changes in the thresholds for the test gratings must be attributed to the adaptation grating contrast per se.
Somewhat surprisingly, the threshold for the downward moving test grating was affected by variation of the upward moving adaptation grating contrast. Since changes in sensitivity for the downward moving test grating were the same as those for the stationary test grating (i.e. 0.30-0.40), both of these separately-measured effects may be most parsimoniously attributed to adaptation in the same visual processes. In addition, PANTIE (1968) has shown that a moving adaptation grating does not affect the threshold of a stationary grating whose bars are oriented at 90 ° to those of the adaptation grating. This resembles the orientational dependency of the masking of a stationary test contour upward and downward moving test gratings. This function indicates how adaptation in DS elements varies with adaptation grating contrast. While the function is linearly increasing over low contrast values, increases of contrast beyond 0.16 (log contrast: --0.76) have no effect. Two separate straight lines have been fitted to the data by the method of least squares. The slope of the curve over low contrast levels is 0-28; the slope over the four highest contrast levels, 0.00. Thus, there is an obvious difference in the contrast response of OS and DS elements. While adaptation contrast affects OS elements over the entire contrast range, the responsitivity of DS elements is restricted to low contrasts. This restriction of response range in DS elements resembles that described by BAgLOW and HILL (1963) for directionally-selective cells in the rabbit retina. The relationships shown in Fig. 7 make clear the need for parallel, systematic, neurophysiological data on changes in contrast sensitivity of cells with different information processing functions in the primate visual system.
